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ABSTRACT. Plasmonic Faraday rotation in nanowires manifests itself in the rotation of the spatial intensity distribution of high-order surface plasmon polariton (SPP) modes around the nanowire axis. Here we predict theoretically the giant Faraday rotation for SPP propagating on graphene-coated magneto-optically active nanowires. Upon the reversal of the external magnetic field pointing along the nanowire axis some high-order plasmonic modes may be rotated by up to ~ 100 degrees on scale of about 500 nm at mid-infrared frequencies. Tuning carrier concentration in graphene by chemical doping or gate voltage allows for controlling SPP-properties and notably the rotation angle of high-order azimuthal modes. Our results open the door to novel plasmonic applications ranging from nanowire-based Faraday isolators to the magnetic control in quantum-optical applications.
Nowadays, it is evident that graphene is a promising material for numerous photonic and plasmonic applications. [1] [2] [3] Graphene (from single to multilayer) waveguides may support highly localized electromagnetic SPP waves, both TE-and TM-polarized. [4] [5] [6] [7] [8] [9] Their tight confinement and long propagation length make it possible to observe strong light-matter interactions in graphene-based structures. 10 Another advantage is the possibility to control graphene plasmons by electrostatic bias or by chemical doping. Practically, only graphene ribbons of finite weight may be used but their edges lead to undesirable increase of losses 11 . A possible way to solve this problem is use of cylindrical 2D materials. 12 For realizing any plasmonic device one should possess a tool for SPP manipulation. This goal may be achieved, for example, by combining plasmonic and optically active materials. [13] [14] [15] [16] [17] The use of magnetic ones leads to cross-coupling between magnetic and optical properties of the 3 material resulting in the optically induced magnetic fields, [18] [19] [20] [21] or the crucial increase of magnetooptical effects due to plasmonic excitations. [22] [23] [24] [25] [26] It is also known that the external magnetic field can rotate the spatially inhomogeneous intensity distribution (i.e. speckle-pattern) in the cross-section plane of an optical fiber. [27] [28] [29] [30] This effect originates from the magnetically induced non-reciprocity in propagation of the modes with opposite signs of azimuthal mode index (i.e. rotating in opposite azimuthal directions). Recently, we have shown that in graphene-coated optical fibers one may control such rotation by both magnetic field and chemical potential of graphene, but for observable rotation it is necessary to have the fiber length of a few centimeters. 31 Similar effects based on the azimuthal nonreciprocity in gyrotropic cylindrical structures have been investigated within the framework of the electromagnetic scattering problem. 32, 33 Numerous optical circulators and switches based on similar principles have been proposed. [34] [35] [36] A general trend of the increase of magnetooptical effects in magnetoplasmonic nanostructures makes one hope that the abovementioned rotation may be significantly enhanced in graphene-coated gyrotropic nanowires. In this Letter we show that rotation of some SPP modes can reach giant values at the deeply subwavelength scale.
Let us consider a hybrid magneto-plasmonic structure consisting of a gyrotropic (magnetooptically active) nanowire covered by a (plasmonic) graphene layer (see Figure 1 ). The nanowire axis z in the cylindrical coordinate frame (r, φ, z) coincides with the gyration axis. Such situation may be realized in a magnetic nanowire magnetized along its axis. Electrodynamic properties of the core of nanowire may be described by the following dielectric permittivity tensor:
Here, ε 0 is vacuum dielectric permittivity (we will use SI units throughout this paper). For materials frequently used in magneto-optics, it takes values ε a ~ 0.001-0.01 at the wavelengths of a few microns. 23, 37 Faraday rotation angle 38, 37 Graphene layer may be described by 2D conductivity σ g , 42 which depends on the temperature T, the angular frequency ω, the scattering rate Γ, and the chemical potential (or Fermi energy) μ ch ≈ ħv F (πn) 1/2 , where v F ≈ 10 6 m/s is the Fermi velocity, ħ is the Plank constant. For example, n ≈ 8 10 13 cm -2 corresponds μ ch ≈ 1 eV. We use a standard model of surface graphene conductivity calculated within the local random phase approximation with dominant Drude term at SPP energies below the Fermi level. 43, 44 Here we assume that the outer medium is air.
SPP modes propagating in graphene-covered non-gyrotropic nanowires 45 as well as a complex distribution of stationary magnetic field via inverse Faraday effect 46 induced by these plasmonic modes have been investigated recently. Here we assume SPP intensity to be small enough to neglect the inverse Faraday effect inside magnetic nanowire.
Now, one has to solve Maxwell's equations inside each of the mediums. We will suppose that electromagnetic wave has a harmonic time dependence and propagates along the z-axis, i.e. E m ,
Electromagnetic field distribution inside magnetic nanowire with permittivity tensor given by Eq. (1), expressed similarly to that of circular microwave waveguides and optical fibers filled by gyrotropic medium 38, 47, 48 , and the fields outside the nanowire 45 for each azimuthal mode characterized by index m at a given SPP frequency ω). When SPP 6 propagation length L SPP = 1/βʺ m is smaller than SPP wavelength λ SPP = 2π/βʹ m for the chosen m, the corresponding SPP mode becomes overdamped and cannot propagate in the structure.
Analytical analysis shows that dispersion equation has terms with the first and the third powers of mode index m. This leads to non-reciprocity for modes with the opposite azimuthal propagation direction, i.e. modes with different signs of m will propagate with slightly different velocities. Similarly to graphene-covered non-gyrotropic nanowires, 45 modes with index |m| > 0 exist above the cut-off frequency. The number of supported modes at fixed vacuum wavelength λ 0 may be estimated as 45 Re
]. An increase of core permittivity leads to an increase of number of supported modes.
Let us suppose that at z = 0 one has a field distribution with azimuthal dependence ~ cos(mφ)
formed by interference of two modes with m = ±|m|:
where   by on the angle θ m z. Here, similar to the one for microwave waveguide filled by gyrotropic medium 38 , we have introduced the specific rotation angle for each mode per unit length: nm. The reversal of the external magnetic field leads to inverse rotation in the opposite direction.
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Change in graphene conductivity (or its chemical potential) results in the larger difference in propagation constants for the modes with opposite signs of ±m. This may be used for adjusting the rotation angle similarly to graphene-covered optical fiber. 31 The dependencies of the rotation angle over SPP propagation length and the specific rotation angle θ m given by Eq. (3) are shown in Figure 3 for some high-order azimuthal modes. One can see that both specific rotation angle and rotation angle over SPP propagation length increase with growing chemical potential.
Specific rotation angle is greater for the higher-order modes, while rotation angle over SPP propagation length has an opposite behavior. This is due to smaller propagation length of higherorder modes. In general, the specific rotation angle may be varied for the higher-order modes within a factor of 3 by changing the chemical potential of graphene. The rotation angle over SPP propagation length may be tuned by chemical potential more efficiently: from maximum value to full rotation suppression (when both modes with ±m become overdamped). For maximum rotation angles the propagation lengths of ±m-modes differ significantly suggesting that the depth of the azimuthal intensity modulation decreases.
Propagation characteristics of the modes depend on the permittivity of nanowire, its radius and the permittivity of outer medium. All these values may be used for achieving the maximal rotation of desirable mode, but this question needs to be investigated separately.
The structure proposed here may be redesigned for lower frequencies in the range of a few THz: the core radius R should be increased. At these frequencies SPP propagation length is further as compared to the mid-infrared case. Therefore, it should be possible to obtain larger rotation angles, but at the longer length scales. For using of proposed structure at telecommunication frequencies (wavelength about 1.55 μm) it will be necessary to use highly doped graphene. A plasmonic mode with |m| = 1 would exist only at μ ch ≳ 1.32 eV (or, equivalently, n ≳ 1.4 10 14 cm -2 ). Assuming graphene thickness 0.1 -0.5 nm (as used in numerical simulations) 10, 12, 45 , we can estimate bulk electron concentration ~ 10 21 cm -3 . Such carrier concentrations in graphene can be achieved by chemical doping. 51 In conclusions, we have predicted the giant Faraday rotation of high-order plasmonic modes in graphene-covered nanowire and their tuning by both the gyrotropy (magnetic field or magnetization) and graphene chemical potential (chemical doping of graphene or gate voltage).
The effect may be used to magnetically control the density of states of electromagnetic radiation at the deeply sub-wavelength length scale, an effect interesting for quantum-optical devices operating in the Telecom frequency range. 57
The results of the present work improve our understanding of microscopic mechanisms of enhancement of magneto-optical effects in magneto-plasmonic nanostructures and, therefore, may be useful for design of new plasmonic devices operating at the nano-scale. 
